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Defects in composite materials are created during manufacture to a large extent. To avoid them as much as possible, it is important that process simulations model the onset and the development of these defects. It is then possible to determine the manufacturing conditions that lead to the absence or to the controlled presence of such defects. Three types of defects that may appear during textile composite reinforcement or prepreg forming are analysed and modelled in this paper. Wrinkling is one of the most common flaws that occur during textile composite reinforcement forming processes. The influence of the different rigidities of the textile reinforcement is studied. The concept of 'locking angle' is questioned. A second type of unusual behaviour of fibrous composite reinforcements that can be seen as a flaw during their forming process is the onset of peculiar 'transition zones' that are directly related to the bending stiffness of the fibres. The 'transition zones' are due to the bending stiffness of fibres. The standard continuum mechanics of Cauchy is not sufficient to model these defects. A second gradient approach is presented that allows one to account for such unusual behaviours and to master their onset and development during forming process simulations. Finally, the large slippages that may occur during a preform forming are discussed and simulated with meso finite-element models used for macroscopic forming.
This article is part of the themed issue 'Multiscale modelling of the structural integrity of composite materials'.
Introduction
Composite materials with continuous fibres (carbon, glass, aramid, etc.) are used because of their good mechanical properties associated with low densities. Recent-generation military and civil aircraft make extensive use of composite materials for their primary structure. The use of lightweight materials is also an issue for the automotive industry which is faced by the new European regulation that requires a decrease in CO 2 emission to 95 g CO 2 km −1 in 2020 (3.7 litre/100 km) (http://ec.europa.eu/clima/policies/transport/vehicles/cars/documentation_ en.htm). The development of lightweight vehicles is the only possibility for the automotive industry to comply with this future regulation. Among the various lightweight materials, composites appear as very promising materials and their development has attracted more and more attention in transportation [1, 2] .
The current manufacturing techniques of composite materials with continuous fibres take advantage of several processes. The increasing use of composite materials attracts attention to the idea of replacing the traditional (costly) experimental trial-and-error based methods with the optimization of processing parameters through numerical simulations and virtual manufacturing.
Liquid composite moulding (LCM) processes and prepreg draping (or forming) are two of the main families of composite manufacturing processes. In LCM processes, a (generally) thermoset resin is injected into a textile preform which is then cured at high temperature. Prepregs are semi-products made of continuous fibre reinforcements and thermoset or thermoplastic matrix. In the case of thermoset prepreg draping, the matrix is present but is not solid because it is not yet polymerized, thus the reinforcement can also be easily deformed. For continuous fibre thermoplastic prepreg forming, the matrix is heated above the melting temperature, and this permits deformation of the reinforcement, which can thus be shaped in its final form. Each of the processes mentioned above has its own specificity; however, shaping of the preforms for LCM processes, thermoplastic prepreg draping and thermoplastic prepreg thermoforming share the common feature of being obtained by the deformation of continuous fibre reinforcements. The matrix is absent for the preforming step of LCM processes. In thermosetting draping and thermoforming thermoplastic, the matrix plays an important role but the deformation of the prepregs is, nevertheless, controlled by those of the continuous fibre reinforcement. This deformation is specific. Movements are possible between the fibres, which allows high shearing deformation while the fibres are nearly inextensible in general.
Therefore, simulation software of these processes (LCM preform forming, thermoset prepreg draping and thermoplastic prepreg thermoforming) can have a common basis. Such a common basis can be used as a starting point for developing continuous fibre material forming software (with or without resin). On the other hand, constitutive laws, friction laws, specific finite elements and specific modules will be concerned in different processes. The reinforcements can be woven, unidirectional, non-crimp fabric (NCF), three-dimensional or interlocks. The simulation of the different forming processes for different composite materials requires a specific range of finite elements (shell, three-dimensional, solid shell) [3] [4] [5] [6] [7] , of constitutive laws specific to these materials during forming [8] [9] [10] [11] and friction laws [12] [13] [14] .
Composite forming simulation codes have been developed with three main objectives [15] [16] [17] [18] . Such codes aim to predict the composite state and geometry at the end of the forming, in particular, concerning the fibre directions, which will strongly influence the mechanical properties of the composite part. Secondly, the simulation can predict the conditions for a satisfactory manufacturing (loads on the tools, loads on a blank holder, speed, temperature, etc.). Thirdly, the simulation should predict the onset and the development of defects. There are several types of flaws that can be important depending on the process. Of course the three objectives mentioned above (prediction of the composite state and geometry, conditions for good manufacturing, prediction of defects) that are at the basis of an efficient composite reinforcement simulation are strongly connected. The main aim of this paper is to introduce possible modelling approaches of some defects. In a first instance, the simulation of wrinkling will be considered. The reason for wrinkling onset, the growth and shape of the wrinkles will be analysed. Then, we will focus our attention on the onset of the shear transition zone: such zones in which bending of the fibres can be observed will be highlighted and modelled using a second gradient approach. The simulation of the loss of cohesion of a woven reinforcement during forming will be finally performed at the meso-scale during macroscopic forming analyses in order to allow slippage between the fibrous yarns.
Simulation of wrinkling of composite reinforcements during forming (a) Explicit approach
Dynamic explicit approaches [19] [20] [21] are well suited to both forming and wrinkling simulations. The principle of virtual work associated with a finite-element approximation leads to:
Here M and C are the mass and damping matrices, F ext and F int are the exterior and interior nodal loads, and u is the nodal displacement vector. In explicit codes, this equation is solved at each time step t i = t i+1 − t i using the central difference scheme:
The mass matrix is made diagonal in M D [22] . The stability of the scheme needs to use sufficiently small time increments [23] . In composite reinforcement forming or prepreg thermoforming, shell finite elements are usually used. The specific mechanical behaviour is included in the interior nodal loads F i int . A simulation based on equations (2.1) and (2.2) taking into account the shell kinematics and the specific mechanical behaviour describes the onset and development of eventual wrinkles during forming. A simplified shell finite element made of woven unit cells is briefly presented below. It is used to analyse the reason for wrinkling developments.
(b) Shell finite element made of textile reinforcement
A triangular finite element made of woven cells is shown in figure 1a . Neighbouring elements are used to calculate the curvatures in the elements and consequently to take bending into account [24] . The element is composed of ncell textile woven unit cells. The internal virtual work associated with a virtual displacement field η is assumed to be the sum of the virtual works of tension, in-plane shear and bending: warp and weft directions; M 11 and M 22 are the bending moments on the woven cell, respectively, in warp and weft directions; and M s is the in-plane shear moment (figure 1b). The shell finite element made of textile woven cells (figure 1a) is used to analyse wrinkle onset and development. As shown in figure 1b each woven cell is submitted to tension, inplane shear and bending following equations (2.3)-(2.6). The interior nodal loads of tension, in-plane shear and bending can be obtained from those load resultants and the corresponding interpolation matrices of the element [25, 26] . For bending, the curvatures are computed using the neighbouring elements.
(c) Simulation of wrinkle development in textile reinforcement forming
In sheet forming, wrinkling is a major issue because of the thinness of the sheet [27, 28] . The bending stiffness of textile reinforcements is weak because of possible slip between fibres. Consequently, the wrinkling phenomenon is specific and frequent for these textile materials. Experimental analyses of wrinkling have been realized mainly in in-plane shear [29] [30] [31] [32] [33] [34] . These studies generally use the 'shear locking angle' as a condition for wrinkle onset. This will be criticized in the sequel. Simulation of wrinkling has been proposed which is based on truss elements [4] , membrane elements [35] or, recently, on beam and shell elements [36] [37] [38] .
In this section, simulations based on the shell finite element briefly presented above are performed to highlight the parameters influencing wrinkle developments. The draping of an initially square woven textile reinforcement on a revolution cylinder is considered in figure 2 . In figure 2a, only the tensile stiffness is considered (equation (2.4) ). In-plane shear and bending are neglected. Draping does not lead to any wrinkles, but the shear angles are close to 90 • in the corners of the fabric blank. The addition of in-plane shear stiffness (equation (2.5)) in the simulation leads to wrinkling. The wrinkles are small and numerous (figure 2b). Finally, the addition of bending stiffness, i.e. the complete use of equations (2.3)-(2.6), leads to larger and more realistic wrinkles ( figure 2c) . Globally, this example shows that the tensile stiffness leads the forming from quasi-inextensibility of the fibres. In-plane shear stiffness leads to wrinkling when the shear angles are large. Nevertheless, the onset of wrinkles depends also on other terms in equations (2.1) and (2.3). This will be discussed later. Finally, bending stiffness is important for wrinkle shape. This is detailed in the test presented in figure 3 .
A 80 × 20 mm 2 fabric strip is submitted to a compression in the yarn direction (40 mm). The size of the wrinkles increases (and their number decreases) with bending stiffness. In such a compression situation, wrinkle onset is quasi-immediate. Nevertheless, forming processes are generally designed to avoid these states of compression in the yarn direction. On the other hand, in-plane shear cannot be avoided because it is the requested deformation mode to obtain double curved shapes. That is why in-plane shear appears as the principal reason for wrinkle onset. Figure 4 shows the forming of a textile reinforcement using a tetrahedral punch (figure 4a,b). This forming process has been studied in the context of the ITOOL European project [39, 40] . There is no wrinkle in the tetrahedral part of the preform, thanks to blank holders that create tension in the yarns. On the other hand, many wrinkles develop in the horizontal part of the preform. The simulation using the shell element presented in §2.1 is shown in figure 4d . It is in good agreement with experimental forming. In particular, wrinkles are correctly simulated [40] .
In zone A ( figure 4b,c) , the in-plane shear after forming is very large and reaches 60 • . This value is also obtained by the simulation ( figure 4d ). Yet no wrinkles have developed in this zone (figure 4c). This is due to the blank holders that create strong tensions and avoid wrinkling. This case clearly shows the limit of the 'locking angle' concept. According to this notion, woven reinforcement wrinkling starts when this locking angle is reached. That is not the case in zone A where shear angles reach 60 • and no wrinkles have developed. On the other hand, in the horizontal part of the preform there are wrinkles in zones where the in-plane shear angle is less than 40 • . In figure 3 , many wrinkles have developed and the shear angle is close to zero. Actually, wrinkle onset and development depend on all the (tension, in-plane shear and bending strain) energies (equations (2.1)-(2.6)). Wrinkles develop when the minimization of potential energy (i.e. the solution of dynamic equation (2.1)) leads to out-of-plane solutions. To determine if wrinkles will develop, all the strain energy (tension, in-plane shear and bending) must be taken into account. • shear angle in a corner, (d) forming simulation and (e) forming simulation with a low blank holder load. Figure 4e shows the result of the simulation when the blank holder load is decreased from 1 bar to 0.2 bar. In this case, wrinkles propagate to the tetrahedral part which is the useful part of the preform. This has been confirmed experimentally [40] .
Transition zones and second gradient approach (a) Transition zone in preforms
Recent papers have highlighted another type of defect that can develop when the geometry of the preform leads to adjacent areas with constant but different shear angle. 'Transition zones' are observed between these areas. For instance, curvatures of the yarns are observed on a face of the tetrahedral shape analysed in §2 (figure 5a) and on the face of a prismatic preform (figure 5c) [41, 42] . These yarn curvatures can lead to buckles (figure 5b). Similar transition zones have also been highlighted in bias extension tests [43] . The standard analysis of the test is based on two assumptions: inextensibility of the fibres and rotations at the yarn crossovers without slippage. The deformed shape of a specimen subjected to a bias extension test shows the development of areas with constant fibre orientations (zones A, B, C in figure 5e). Figure 5d shows transition zones between the areas A, B and C [43, 44] . These transition zones (figure 5) are related to the bending stiffness of fibres. Such local bending is a property of the microstructure of the textile reinforcement. Some macroscopic properties of a textile material are low because of the possible slippage between the fibres. Nevertheless, the local (or micro) bending stiffness of the fibres plays a role, in particular, in the transition zones described above in which bending of the yarns can be observed. It is not possible to take account of these local properties in a standard continuum mechanics of Cauchy (or first gradient) approach. Actually, the properties of this macroscopic model are fixed by the possible slippage between the fibres that will lead (generally) to low global rigidities. 
(b) Second gradient approach
In order to account for fibre bending stiffness, a second gradient approach is a possible solution [43] [44] [45] . Denoting by F the deformation gradient and by C = F T · F the right Cauchy-Green deformation tensor, the following orthotropic invariants are introduced for an in-plane twodimensional problem as:
Here M 1 and M 2 are orthonormal vectors in the warp and weft directions in the initial configuration. The invariants I 4 and I 6 measure the changes of length in warp and weft; and I 8 is related to the angle variation between warp and weft yarns. A possible strain energy density is of the form:
This strain energy density includes a second gradient term that takes into account the gradients of shear angle; α is the associated material parameter; and K 4 and K 6 are the warp and weft tensile rigidities. The tensile behaviours are assumed to be linear for simplicity purpose; K 8 and A 8 account for linear and nonlinear in-plane shear strains, respectively.
(c) Simulation of transition zones
The bias extension test is simulated both with a standard approach (first gradient) and with a simulation based on the strain energy density presented in equation ( Figure 6 . Simulation of the bias extension test using a standard approach and simulation based on a second gradient approach.
The finite-element mesh has been chosen in order to avoid locking that can occur in this case [46, 47] . The simulation based on a first gradient approach gives the solution close to the 'fishnet' theory of the test. There are three zones with strictly constant in-plane shear in each zone. This is globally correct, but the transition zones shown in figure 5d are not described. The simulation based on the strain energy density with a second gradient term in in-plane shear gives in-plane shear patterns that are close to the real solution in the specimen. But, in addition, it correctly describes the transition zone corresponding to the fibre bending between two areas with constant in-plane shear ( figure 6 ). This approach has been used to give solutions to other cases in which the fibre bending stiffness is important and where the standard simulations fail to give correct results [45] . The use of second gradient models for the simulation of forming cases where transition zones develop as in figure 5a,c is in progress.
Mesoscopic analyses: slippage between yarns (a) Slippage during reinforcement forming
Large slippage between yarns can appear during a reinforcement forming process. Figure 7a shows such slippage in the vertical face of a prismatic preform made of glass plain weave fabric [41] . In figure 7b , a thermoplastic prepreg has been manufactured by thermoforming. The temperature was too low at the edge of the part which prevents correct forming deformation.
Internal slip leads to a zone with only warp yarns (and no weft yarns). Figure 7c presents a hemispherical forming test for which the blank holder was intentionally tightened in order to create such slippage between the warp and weft yarns. The objective of this forming experiment was the validation of the forming simulation in the case of such slippages.
(b) Mesoscopic finite-element analyses
The slippage highlighted above leads to a loss of continuity of the textile reinforcement. The simulation of their development can hardly be considered at the macroscopic scale. Many composite analyses are performed at the mesoscopic scale, i.e. the scale of the fibrous yarns. For periodic structures, homogenized properties of the composite can be computed by mesoscopic analyses [48, 49] and damage initiation and crack propagation [49] [50] [51] [52] [53] . The simulation of the resin flow within deformed woven cells allows one to compute the permeability of the reinforcement for different deformations [54] . These meso finite-element models are usually performed on one or a few representative unit cells (RUCs) with a fine mesh. The quality of these mesoscopic meshes of the RUCs strongly influences the quality of meso analyses [55] [56] [57] .
To simulate the slippage onsets and developments such as those highlighted above, it is necessary to perform a meso finite-element simulation of the forming process, i.e. of all the woven cells in the preform, which means hundreds or thousands of RUCs. Consequently, it is not possible to use meshes as fine as in analyses carried out on one or a few unit cells. In fact, to be able to simulate the forming of the whole part, the finite-element model of a woven cell has to be simple enough while describing the main phenomena at the mesoscopic scale. Different approaches are developed for the purpose of the simulation of the deformation of a whole preform with meso finite-element models [58] [59] [60] .
In this work, each woven unit cell is modelled as a set of shell elements as shown in figure 8a. This model is very simplified. There are 416 d.f. per unit cell, which enables one to perform the whole preform forming simulations. Regardless of this simplicity, the main features of the woven cell behaviour are described. In particular, the contact with friction between the yarns allows rotation at the crossover of yarns. When the shear angle becomes large, the lateral contact between yarns increases the in-plane shear stiffness.
The mechanical behaviour of each yarn is those of a fibrous tow. It is described by a hypoelastic model with an objective derivative based on the fibre rotation [56, 61] . An important feature is the possible slippage between the yarns which is allowed by the proposed mesoscopic model. The theoretical analysis of the bias extension test is based on the assumption that there is no slip at the yarn crossover. This assumption is correct for shear angles smaller than 35 • or 40 • . Then slippage occurs and the shear angle (measured by optical method) is smaller than the theoretical one (figure 8c). It is shown in figure 8b ,c that the meso finite-element analysis of the bias extension test gives results consistent with the experiments even for large angles when the test theory is no longer verified. This agreement is possible because of the possible slippage between the yarns in the meso finite-element model. Figure 8d ,e shows the results of meso finite-element analyses of the hemispherical shaping and prismatic shaping simulations. The corresponding experimental forming are shown in figure 7a,c, respectively [62, 63] . In both cases, the forming process leads to strong defects due to large slippage between the yarns. These slippages are correctly described by the meso finite-element simulations. They are in correct agreement for the hemispherical forming (figures 7c and 8d), but the slippages are more important in the simulation of the prismatic forming (figures 7a and 8e). Actually, in the case of the hemispherical forming, the material parameters of the carbon twill have been measured in the laboratory, in particular, the friction between the yarns. This is not the case for the prismatic forming. Furthermore, the boundary conditions and more precisely the loads at the edge of the preform are very important for slippage. They are difficult to assess in many cases. Nevertheless, the two presented meso finite-element simulations of preform stamping processes have shown that this approach is a possible way for the simulation of possible slippages during textile composite reinforcement forming.
Conclusion
Predicting defect onset and development is one of the main tasks of composite process simulations. Some defects are specific to textile composite reinforcement draping because of the internal structure that is made of fibres. The possible slip between fibres makes wrinkling frequent. Wrinkling is indeed one of the most common flaws during textile reinforcement forming. An explicit dynamic approach associated with a simplified behaviour of shell elements made of woven cells proved itself to be well suited to wrinkle modelling. It has been shown that the three parts of the strain energy (tension, in-plane shear and bending) have a role in wrinkling. If large shear angles that are necessary for double curved preforms can sometimes lead to wrinkling, there is no direct relation between shear angle and wrinkling. In particular, large tensions due to the blank holder can avoid wrinkling although shear angles are very large. Consequently, the 'locking angle' is a questionable concept for the determination of the wrinkling onset and must be used cautiously. The size of wrinkles depends on bending stiffness. Membrane approaches are frequent in draping simulations but they cannot describe wrinkle shapes.
'Transition zones' have been highlighted in several preform forming processes and in the bias extension test. First and second gradient approaches were compared in the simulation of the bias extension test. Only the second gradient is able to describe the 'transition zones'. This approach is now introduced in forming simulation in order to simulate forming with 'transition zones' such as those shown in this paper.
Macroscopic forming (i.e. forming of the whole preform) based on mesoscopic models of the reinforcement is probably a promising way to go in composite preform draping simulations. It was shown that this meso finite-element modelling can simulate large slippage between the yarns during forming. More efficient numerical methods will be necessary for the expansion of this approach and to be able to develop meso finite-element models as efficient as macroscopic simulations.
